Abstract. We studied the impacts of land use in temperate Argentina on the normalized difference vegetation index (NDVI), which has often been used to estimate the interception of photosynthetically active radiation and carbon uptake by terrestrial vegetation. The NDVI was derived from the National Oceanic and Atmospheric Administration (NOAA) satellites. We incorporated land use, climate, soil, and NDVI data into a geographic information system with a county-level spatial resolution. Land use was characterized in terms of the proportion of different crop types at the county level. Three attributes were derived from the seasonal dynamics of the NDVI: the annual integral (NDVI-I), the difference between the maximum and minimum NDVI divided by the integral (RREL), and the date of maximum NDVI (DMAX). The environmental controls of the NDVI attributes for the counties showing the lowest proportion of croplands (''low-impacted vegetation'' areas, LIV) were analyzed using stepwise multiple regressions with the three NDVI attributes as dependent variables and the climatic and soil variables as independent variables. Mean annual precipitation, evapotranspiration, and the seasonality of precipitation were the main determinants of the spatial distribution of the NDVI attributes in the LIV areas. We applied these models to counties with a high proportion of croplands, and we analyzed the magnitude of the difference between the observed and predicted values and their correlation with land use variables. The LIV model for NDVI-I did not differ by more than 15% from the observed values in the counties with a high proportion of crops. This indicates a low impact of land use on the NDVI-I. In contrast, the LIV models for RREL and DMAX, two indices that describe the seasonality of NDVI, did not predict accurately these attributes in the highly cropped areas. Annual crops increased RREL up to 80%. Winter crops advanced DMAX and summer crops delayed DMAX, in both cases up to 150 d compared to the LIV areas. The interannual variability of NDVI-I was negatively correlated with the mean NDVI-I. This agrees with previous observations on unmodified areas of the Northern Hemisphere. The interannual variability of the three attributes of the NDVI curve decreased as the proportion of the cropped area of the county devoted to summer crops increased. Our results are relevant to the impacts of land use on the timing and magnitude of energy and carbon exchange in temperate agricultural systems and clarify how agricultural land use can be better represented in regional and global models of energy and carbon exchange.
INTRODUCTION
Land use is an important component of global change (Vitousek 1992 , IPCC 2000 . Urbanization, desertification, and agriculture are three examples of humandriven land use changes that have dramatically altered the surface of the earth. These changes affect many processes in temperate areas, including mesoscale atmospheric circulation ), trace gas emission (Mosier et al. 1991) , soil properties (Burke et al. 1989, Robles and , erosion (Pimentel et al. 1995) , and carbon dynamics ). The characterization of the carbon cycle at global and regional scales is receiving a great deal of attention (e.g., Melillo et al. 1993 , Myneni et al. 1997 ). Agriculture plays an important role in the carbon cycle. The replacement of natural vegetation by annual crops produces a rapid loss of organic matter of the soils through microbial respiration (Burke et al. 1989) . The impact of agriculture on carbon uptake is, however, not completely understood (Kicklighter et al. 1999 , Paruelo et al. 2001 . For instance, it is not clear whether it increases or decreases the amount of radiation absorbed by the canopy (and, thus, net primary productivity) compared to potential vegetation (Ruimy et al. 1999) . It is also unclear how agriculture changes the seasonality of carbon uptake. In an analysis that compared LAND USE IN TEMPERATE ARGENTINA how four global biogeochemical models represented the effects of changes in atmospheric carbon dioxide, climate, and agricultural land use during the 20th century, variability in the simulated dynamics of agricultural production, harvest, and decomposition of agricultural products contributed substantially to uncertainty among the models (McGuire et al. 2001) . To reduce these uncertainties, there is a need to develop regional and global data sets that define the spatial distribution and temporal changes in agricultural management practices (McGuire et al. 2001) . We also argue that there is a need to better understand how different management practices influence carbon dynamics in agricultural systems at regional scales.
The temperate portion of South America provides a great opportunity for analyzing the impacts of land use on ecosystem functioning because of its strong climatic gradient, both in precipitation (from east to west) and temperature (from north to south). The potential vegetation of the region includes humid and dry savannas, temperate forests, humid and semiarid grasslands, shrublands, and grass-steppes. Several studies show a climatic similarity ) that leads to an ecological convergence ) between the temperate areas of North and South America. As in the Great Plains of North America, agriculture was introduced in the 18th century and intensified in the 20th century. However, irrigation and fertilization did not expand as widely as in the Great Plains . Anthropogenic nitrogen deposition is negligible in the area (Hedin et al. 1995) . This indicates that the biogeochemical cycles have not been altered to the same degree as in other areas of the world. Despite the importance of land use change, reliable estimates of land cover types distribution in South America are scarce (Ramankutty and Foley 1998) .
Carbon uptake (net primary production) integrates many important features of ecosystem functioning (McNaughton et al. 1989) . Total carbon uptake is positively related to the total amount of energy intercepted by the canopy (Monteith 1981) . The proportion of photosynthetic active radiation (PAR) intercepted is linearly related to the normalized difference vegetation index (NDVI), a spectral index derived from the red and infrared reflectance recorded by the National Oceanic and Atmospheric Administration (NOAA) meteorological satellites (Dye and Goward 1993, Sellers et al. 1994) . The NDVI has been used as a surrogate of carbon uptake in many studies at local, regional, and global scales (e.g., , Myneni et al. 1997 , Jobbágy et al. 2002 . Its coarse spatial resolution (1 km) is adequate for monitoring actual vegetation over large areas and its high temporal resolution (10-or 15-d composites) allow for a good repeatability in time. Paruelo et al. (2001) mapped the current ecosystem functional types in temperate South America using remotely sensed data. They suggested that in grasslands and savannas the conversion of natural vegetation to croplands caused changes in the amplitude and date of maximum NDVI but did not change the NDVI annual integral. The differences in NDVI between natural vegetation and croplands have implications for regional energy and carbon exchange. Therefore, in this study we extend the work of Paruelo et al. (2001) to evaluate the impacts of land use on the seasonal and interannual variability in NDVI of temperate grasslands and savannas of Argentina. To do this we used three attributes derived from the seasonal course of the NDVI that characterize the total amount of carbon intercepted by the vegetation and its seasonality. Land use was described as the proportion of the land occupied by crops. Using correlative models we analyzed the relationships between environmental factors (climatic and edaphic) and the spatial patterns of the NDVI attributes in areas with low anthropogenic impact. We assumed that these models provide the best possible representation of the relationship between the environment and ecosystem functioning of the potential vegetation of the area. We applied these models to areas with high proportion of croplands, and we analyzed the magnitude of the deviation between the observed and predicted patterns. Also, we analyzed the effect of land use on the interannual variability of these NDVI attributes. We sought to answer the following specific questions: (1) What is the relationship between environmental factors and the NDVI dynamics in areas where the vegetation has been slightly modified (''low-impacted vegetation'' areas) of temperate Argentina? (2) How does land use modify the NDVI dynamics compared to low-impacted vegetation areas? (3) What is the impact of land use on the interannual variability of the NDVI dynamics? Before addressing these objectives we examined the spatial distribution of the land use descriptors as well as the climatic and edaphic variables. Based on this analysis we decided to restrict the analysis of the NDVI dynamics to a subarea of temperate Argentina.
METHODS

The region
We focused our study on the temperate portion of Argentina. We set the northern boundary of the temperate zones at 30Њ S latitude. From a phytogeographical viewpoint the study area included the Chaco and Espinal savannas, the Pampa grasslands, the Monte shrub-steppes and the Patagonian steppes and semideserts and the Subantartic forests in western Patagonia (Soriano 1956 , 1993 , Morello 1958 , Cabrera and Willink 1976 , Paruelo et al. 1991 . Land use practices in temperate areas of Argentina both converted and modified the original land cover. Large areas of the arid and semiarid portions of South America have been modified by grazing since the beginning of the 20th century, producing changes in both the structure and functioning of the ecosystems (Leó n and Aguiar 1985 , Ares et al. 1990 , Aguiar et al. 1996 . Schematic representation of the normalized difference vegetation index (NDVI) seasonal dynamics and the three attributes derived: NDVI-I, NDVI annual integral; RREL, relative range of the NDVI (difference between the maximum and minimum NDVI divided by the integral); DMAX, date (month) of maximum NDVI (July ϭ 1, August ϭ 2, etc., June ϭ 12). The three attributes were calculated for the period 1981-1999 in temperate Argentina.
1997, Bertiller and Bisigato 1998) . The more humid areas have been grazed for more than 400 yr (Soriano 1993 ). Cultivation became a major disturbance in the subhumid and humid grasslands a century ago . The main annual crops in these areas are wheat, oat, maize, sunflower, and soybean. Perennial crops include pastures for direct grazing or hay production. Croplands are mostly rain-fed; irrigation is restricted to some valleys in the Patagonian steppes and the Monte shrub-steppes and is not important at the scale of our analysis.
The data
We integrated land use, climate, soils, and NDVI information into a database. This database was associated with a Geographic Information System. Land use data were extracted from the most recent Argentine National Agricultural Census (INDEC 1988) . The spatial resolution of the census is the county. This fact determined the spatial resolution of the entire database. We derived five variables from the census. The proportion of the area of the county occupied by croplands (PCROP) included both annual and perennial crops. Non-cultivated areas (1 Ϫ PCROP) corresponded to natural grasslands, natural forests, roads, urban, federal lands, and national parks. We accounted for the different crops and management practices of the region by using four additional variables: the proportion of the cropped area of the county devoted to summer crops (PSUM; mainly maize, sunflower, soybean, and sorghum), winter crops (PWIN; mainly wheat, oats, and barley), and perennial crops (PPERNN; cultivated pastures; PSUM ϩ PWIN ϩ PPERNN ϭ 1). The wheatsoybean double cropping system was introduced in Argentina in the early 1970s and expanded rapidly (IN-DEC 1996) . Because of its importance in extent and its potential for high carbon uptake we included this land use type in our analyses (PSOY). Only counties located south of latitude 30Њ S were considered. Subtropical areas were excluded from our analysis. Urban counties close to Buenos Aires and other major cities were also excluded.
Climatic data were extracted from FAO (1985) . We interpolated and aggregated to the county level data from 190 meteorological stations in Argentina, Uruguay, Chile, and southern Brazil. The FAO database includes mean monthly values of precipitation, temperature, and potential evapotranspiration for the period 1930-1960 . The more recent climatic data available have a poorer spatial resolution than FAO's database and a very heterogeneous temporal extent. We used this data to calculate for each county mean annual precipitation, mean annual temperature, the proportion of annual precipitation falling in summer, fall, winter, and spring, and mean annual potential evapotranspiration. showed that these variables summarized most of the spatial climatic variability of temperate South America. We extracted edaphic information from the Soil Atlas of Argentina (SAGyP-INTA 1990) . For each county we calculated the mean values of the proportions of clay, sand, and silt of the shallowest horizon, the degree of soil salinity and alkalinity, the mean soil depth, and drainage characteristics.
We used the normalized difference vegetation index (NDVI) derived from the advanced very high resolution radiometer (AVHRR) sensor on board the NOAA satellites to characterize ecosystem functioning. NDVI combines spectral data of channel 1 (red, 580-680 nm) and channel 2 (near infrared, 725-1100 nm): NDVI ϭ (channel 2 Ϫ channel 1)/(channel 2 ϩ channel 1). Green vegetation shows a differential reflectance in these two bands. Active photosynthetic surfaces reflect a higher proportion of the incoming radiation in the infrared band and a lower proportion in the red band. We used the NOAA/NASA Pathfinder AVHRR land data set, created by NASA (James and Kalluri 1994) . This data set comes from NOAA-7, -9, -11, and -14 satellites and was radiometrically and spatially corrected (for details see James and Kalluri 1994, Rao and Chen 1995) . The scenes have a spatial resolution of 8 ϫ 8 km and cover the whole globe. We used the 10-d maximum value composite for the 1981-1999 period (a total of 684 images) for the portion of the images south of 30Њ S. The maximum NDVI value represents the highest count registered by the satellite during the 10-d period. This method minimizes the effects of clouds, snow, or geometric problems such as low solar zenith or observation angles. We calculated three traits from the seasonal curves of NDVI: the annual integral, the relative annual range of NDVI, and the date of maximum NDVI (Fig. 1) . These three attributes characterize most of the spatial heterogeneity of the NDVI curves (Tucker et al. 1985a , Loveland et al. 1991 , Paruelo et al. 1991 . They also capture important features of the ecosystem func- tioning Running 1997, Paruelo and . The NDVI annual integral was calculated by summing up the products of the 10-yr mean NDVI for each period and the proportion of the year represented by that date (NDVI-I ϭ ⌺ n NDVI i ϫ T i , where n is the total number of composites per year, NDVI i is the ith composite and T i is the proportion of the year covered by the ith composite, usually 10 d). The NDVI annual integral is a good estimator of the fraction of the photosynthetic active radiation absorbed by the canopy (Sellers et al. 1992 ) and, hence, of primary production (Tucker et al. 1985b , Prince 1991 , Paruelo et al. 1997 . The relative range of NDVI corresponded to the difference between the maximum and minimum NDVI recorded throughout the year, divided by the NDVI annual integral. The date of maximum NDVI corresponded to the month showing the highest frequency (mode) of peak NDVI for the period analyzed. The relative range and the date of maximum NDVI capture essential features of the seasonality of carbon uptake , Paruelo et al. 2001 , Jobbágy et al. 2002 . For the three attributes, we averaged the values of the pixels included in each county. Finally, we characterized the interannual variability of the three attributes of the seasonal course of the NDVI. To do this, we calculated the coefficient of variation of the NDVI annual integral, the relative range of the NDVI, and the date of maximum NDVI for the 19 yr under analysis. The coefficients of variation provide a measure of how variable the three attributes of the NDVI curve are among years. We used here land use data from a single year (1988) and NDVI data from 19 yr (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) . More recent land use data aggregated to the county level are not available for Argentina. However, data at the province level show that the year 1988 can be used as a good representation of the average cropping conditions of the studied period (INDEC 1996) .
In order to restrict the analysis to such areas where obvious relationships between environmental variables and land use patterns do not mask the effect of land use change over the NDVI dynamics, we evaluated the spatial distribution of croplands across the main environmental gradients. Based on the results of this analysis we studied only those counties corresponding to the Espinal and Pampa regions (Fig. 2) .
Statistical analyses
We divided the data set including the counties of the Espinal and Pampa regions into two separate groups based on the proportion of croplands (PCROP). The first group included the quarter of the counties with the lowest PCROP (n ϭ 41). These counties had less than 18.2% of their area under cropping (10.4 Ϯ 5.3%, mean Ϯ 1 SD). For these counties, we analyzed the environmental (climatic and edaphic) controls of the three Ecological Applications Vol. 13, No. 3 FIG. 3 . Relationship between the proportion of the area of the counties with croplands and mean annual precipitation.
NDVI attributes using stepwise regression models (Kleinbaum and Kupper 1978) . In the regression models, the NDVI annual integral, the relative range of the NDVI, and the date of maximum NDVI were the dependent variables (one at a time) whereas the climatic and edaphic variables were the independent ones. These were called ''low-impacted vegetation'' models.
Stepwise multiple regression has been criticized because it has severe problems in the presence of collinearity. For minimizing these problems we took a series of precautions: we set the F-to-enter to a value that produced a P level lower than 0.01 (all the independent variables must be significant for entering in the model). We also tested the significance of the variables in the model by including a random variable among the independent variables and checking whether this variable was included in the final model. We stopped the stepwise process when the increase in r 2 was lower than 0.02 to keep the model as simple (with as few variables) as possible. We compared the model obtained with all the possible alternative models with the same number of independent variables. In such a way, we explored whether the model that was obtained using the stepwise procedure was the ''best'' model.
We applied the low-impacted vegetation models, generated from the less modified areas, to those counties with more than 18.2% of the area under cropping (n ϭ 122, 48.9 Ϯ 19.7% [mean Ϯ 1 SD]). We analyzed the relationship between the observed and predicted values for the three NDVI attributes. We studied the magnitude of this difference (in relative terms) and its correlation with land use variables. Finally, we also used correlation to explore the relationship among the interannual variability of the NDVI attributes and land use descriptors.
RESULTS
Patterns and controls of land use in temperate Argentina
In temperate Argentina, croplands were restricted to the Pampa grasslands and the Espinal savannas (Fig.  2) . Mean annual precipitation was the main control of cropland distribution in the region (R 2 ϭ 0.27, P Ͻ 0.001, n ϭ 164; Fig. 3 ). Counties with less than 500 mm/yr had almost no agriculture, except for a few counties in the Monte phytogeographic unit. In those counties agriculture is performed under irrigation. In counties with precipitation higher than 500 mm/yr, the proportion of croplands ranged from 0% to 86% (Fig.  3) . In these counties, the proportion of the area under irrigation is lower than 0.045 and it represents less than 7% of the total cropped area. Considering the whole temperate areas the variability in the proportion of croplands not accounted for by mean annual precipitation was marginally correlated with soil variables such as clay content and salinity. Socioeconomic factors, not considered here, could play an important role in determining the spatial distribution of croplands. We eliminated the strong influence of precipitation on land use patterns by restricting our analysis to areas with more than 500 mm/yr. Almost all of the counties in the Patagonian and Andean steppes and the Monte shrublands are very dry (mean annual precipitation [MAP] Ͻ 500 mm/yr) and have a very low proportion of croplands. Counties in the Espinal savannas and the Pampa Notes: The relationships were determined by stepwise multiple regression. These models were performed using the counties with a proportion of crops lower than 0.182. The r 2 is the coefficient of determination of the model fitted, F is the F-Snedecor statistic for the whole model, r 2 p is the partial coefficient of determination of each of the variables included in the model, and p is the probability of F (n ϭ 41). Abbreviations are: NDVI-I, NDVI annual integral; RREL, relative range of NDVI (difference between the maximum and minimum NDVI divided by the integral), DMAX, date of maximum NDVI (values for DMAX range from 1 [July] to 12 [June]); MAP, mean annual precipitation; MPET, mean potential evapotranspiration; MAM/ MAP, proportion of mean annual precipitation that falls in fall; JJA/MAP, proportion of mean annual precipitation that falls in winter; SILT, average proportion of soil silt; DEPTH, mean soil depth.
grasslands are wetter and the cropland proportion extends from 0 to almost 90%. Based on these observations we decided to restrict the analysis of the controls of NDVI patterns to the Pampa grasslands and the Espinal savannas. Because of the negligible presence of croplands we also excluded from the analysis the Patagonian forests and Chaco woodlands. These biomes are located in areas where topography imposes additional constraints to agriculture.
Relationship between environmental variables and the NDVI dynamics
Environmental variables explained 89% of the spatial variability of the NDVI annual integral (NDVI-I) for the counties with a proportion of croplands lower than 0.183 (Table 1) . NDVI-I increased linearly with mean annual precipitation and decreased with potential evapotranspiration. Mean annual precipitation accounted for 80% of the variability while potential evapotranspiration increased the variance explained by 9%.
Climatic variables accounted for 78% of the variability in the proportion of the difference between the maximum and minimum NDVI in the year (RREL), a measure of the seasonality of radiation interception (Table 1) . RREL decreased as potential evapotranspiration and the proportion of fall and winter precipitation increased. As for the NDVI-I, soil variables did not improve the model. The spatial variability in the date of maximum NDVI (DMAX) accounted for by environmental variables was 73% (Table 1 ). In areas with high potential evapotranspiration NDVI peaked late in the growing season. NDVI tended to peak earlier during the growing season in counties with deeper soils and with high silt content.
Impact of land use on NDVI dynamics
When we applied the previous models to highly cropped areas (PCROP Ͼ 0.18) the predicted and observed values of the NDVI annual integral showed a good agreement (r ϭ 0.864, P Ͻ 0.001, n ϭ 122; see Fig. 4a ). The slope of the fitted regression line was significantly Ͻ1 and the y-intercept Ͼ0 (P Ͻ 0.01), suggesting a slight underestimation of NDVI-I in the driest areas. The residuals of the prediction ranged from Ϫ13% to 15% (RES ϭ [observed Ϫ predicted]/observed). This indicates that the model adjusted for the less cropped areas described reasonably well the patterns of NDVI-I in the more modified areas. Higher values of the NDVI annual integral than the predicted were positively associated with the proportion of perennial crops, whereas lower values than the expected were positively associated with the proportion of summer crops and the wheat-soybean double crop (Fig. 5) .
The correlation between predicted and observed values of the relative range of the NDVI (RREL) was low (r ϭ 0.30, P Ͻ 0.01, n ϭ 122; see Fig. 4b ). The slope of the regression was significantly Ͻ1. For 18% of the sites, the residuals of the predicted values were less than Ϫ20% and for 11% of the sites were Ͼ20%. Higher values of RREL than the predicted were positively associated with the proportion of winter and wheatsoybean crops in the county, whereas lower values than the expected were positively associated with the proportion of perennial crops (Fig. 5) .
The model adjusted to the counties with a low proportion of croplands failed to predict the date of maximum NDVI (DMAX) in the counties with a higher area of croplands (r ϭ Ϫ0.28, P Ͻ 0.001, n ϭ 122; see Fig. 4c ). For 61% of the counties the predicted Ecological Applications Vol. 13, No. 3 FIG. 4. Predicted and observed values of (a) NDVI-I, (b) RREL, and (c) DMAX in the counties with a proportion of croplands Ͼ0.183 (n ϭ 122). Predicted values were generated using the models described in Table 1 . Abbreviations: NDVI-I, normalized difference vegetation index (NDVI) annual integral; RREL, relative range of the NDVI (difference between the maximum and minimum NDVI divided by the integral); DMAX, date (month) of maximum NDVI (October ϭ 4, November ϭ 5, etc., June ϭ 12).
values of DMAX differed from the observed for more than 30 d and for 37% of the counties the difference was higher than 60 d. In the extreme cases, the model predicted peak NDVI in October when it was observed in February (a difference of 145 d) or it predicted maximum NDVI in May when it occurred in October (a difference of 215 d). There was a strong correlation among the difference between the observed and predicted DMAX and the proportion of summer and winter crops (Fig. 5) . In the first case, the correlation was positive, indicating that summer crops delayed the occurrence of the maximum NDVI. The negative correlation among the residuals and the proportion of winter crops suggests that these crops advanced the occurrence of the NDVI peak.
Interannual variability in the NDVI attributes
The three NDVI attributes differed in the magnitude of their interannual variability. The coefficient of variation of the NDVI annual integral (CV NDVI-I) ranged from 4% to 13%. The CV NDVI-I was strongly and negatively correlated with the mean NDVI annual integral both for counties with a low proportion of crops (r ϭ Ϫ0.71, P Ͻ 0.001, n ϭ 38) and with a high proportion of crops (r ϭ Ϫ0.90, P Ͻ 0.001, n ϭ 118; see Table 2 ). This indicates that the driest counties showed the highest NDVI-I variability.
The CV of the relative range of the NDVI (CV RREL) ranged from 20% to 54%. Half of the counties had CV RREL between 32% and 43%. RREL was also negatively correlated with its interannual variability both in counties with a low cropland proportion (r ϭ Ϫ0.44, P ϭ 0.005, n ϭ 38) and in those with a high cropland proportion (r ϭ Ϫ0.74, P Ͻ 0.001, n ϭ 118). The interannual variability in the date of maximum NDVI (CV DMAX) ranged from 5% to 51%. Half of the counties presented values of CV DMAX between 15% and 30%. The CV DMAX was negatively correlated with the relative range in NDVI (RREL), indicating that those counties with a high NDVI amplitude showed a lower variability among years in the occurrence of peak NDVI (Table 2 ).
In the low-impacted vegetation areas, the NDVI relative range (RREL) was negatively correlated with the date of maximum NDVI (r ϭ Ϫ0.62, P Ͻ 0.001, n ϭ 38) indicating that areas with a high difference between maximum and minimum NDVI had the maximum NDVI early in the growing season. In areas with a high proportion of croplands (PCROP Ͼ 0.183), in contrast, the correlation among these variables was positive (r ϭ 0.43, P Ͻ 0.001, n ϭ 118). A similar situation was observed among NDVI-I and DMAX. Their correlation was negative in the low-impacted vegetation counties and positive in the counties with a high proportion of croplands.
The proportion of the variance of the CV of the NDVI attributes for counties with a low-impacted vegetation explained by environmental variables was low (NDVI-I, FIG. 5 . Scatterplots of the residuals of the predicted and observed values of the normalized difference vegetation index (NDVI) attributes and land use variables in the counties with proportion of croplands Ͼ0.183 (n ϭ 122). Abbreviations: NDVI-I, NDVI annual integral; RREL, relative range of the NDVI (difference between the maximum and minimum NDVI divided by the integral); DMAX, date of maximum NDVI. For NDVI-I and RREL we calculated the relative difference: RESID ϭ (observed Ϫ predicted)/observed. For DMAX we calculated the absolute difference, expressed in days: RESID ϭ (observed Ϫ predicted). Land use variables: PCROP, proportion of the county devoted to croplands; PSUM, PWIN, PPERNN, and PSOY, proportion of the cropped area in county with summer, winter, perennial crops, and wheat-soybean double cropping, respectively. Note: PCROP is the proportion of the county devoted to croplands; PSUM, PWIN, PPERNN, and PSOY are the proportions of the cropped area in the county with summer, winter, perennial crops, and wheat-soybean double cropping, respectively.
* P Ͻ 0.05; ** P Ͻ 0.01.
were negatively correlated with the interannual variability of NDVI-I, RREL, and DMAX (Table 3) . However, as we described earlier, NDVI-I was less variable among years than RREL and DMAX. Winter crops were positively correlated with CV NDVI-I and with CV DMAX, but had no significant correlation with CV RREL. Perennial crops were positively correlated with CV RREL and CV DMAX (Table 3) .
DISCUSSION
Environmental controls of NDVI dynamics
A high proportion (80%) of the spatial variability in the annual integral of NDVI in areas with a low human impact was accounted for by mean annual precipitation. This result supports previous observed trends using remotely sensed data , Paruelo et al. 1997 , Jobbágy et al. 2002 and direct measurements of aboveground net primary production (Lauenroth 1979 , Sala et al. 1988 , McNaughton et al. 1993 , Milchunas and Lauenroth 1993 . Mean potential evapotranspiration was negatively associated with NDVI-I. This variable accounted for an additional 9% of the spatial variability in NDVI-I. Epstein et al. (1997) showed that temperature (a variable that affects the atmospheric demand for water) and soil texture explained the regional variability of aboveground net primary productivity (ANPP) in the Central Plains of North America after accounting for the variability explained by mean annual precipitation. Yang et al. (1998) found a negative relationship between potential evapotranspiration and time-integrated NDVI in the Central Plains.
The spatial patterns in the relative range of NDVI (RREL; an index that has been related to radiation interception and carbon uptake) of low-impacted vegetation areas were negatively related to the potential evapotranspiration and the proportion of precipitation falling in autumn and winter. Similarly, the regional patterns of the date of maximum NDVI (DMAX) were associated to the mean annual evapotranspiration and soil silt content and depth, two variables connected to the soil water-holding capacity. It has been shown for grasslands and shrublands of North America that climatic factors account for a large proportion of the spatial variability in C 3 and C 4 grasses and shrubs . Changes in the relative proportion of these plant functional types across the environmental gradients might be responsible for differences in the seasonality of radiation interception and carbon uptake in low-impacted vegetation areas.
Impact of land use on NDVI dynamics
The model on the environmental controls of the NDVI annual integral adjusted for the low-impacted vegetation areas satisfactorily predicted the NDVI-I of the more cropped counties. This suggests that cropland management did not modify fundamentally the strong relationship observed between NDVI-I and precipitation and evapotranspiration. Given the same environmental conditions the difference between counties differing in the cropland proportion was less than 15%. An analysis of the residuals suggests that summer crops and the wheat-soybean cropping system increased NDVI-I and that winter and perennial crops reduced NDVI-I in comparison to the low-impacted vegetation areas. Lauenroth et al. (2000) showed for the central grasslands of the USA that wheat (a winter crop) had a lower ANPP compared to native grasslands in areas with MAP higher than 600 mm/yr.
The environmental variables that accounted for most of the variance of the NDVI relative range (RREL) in low-impacted vegetation areas explained only partially the spatial variability of this attribute in counties with a high proportion of croplands. This suggests a strong impact of land use on the seasonality of the radiation interception and carbon uptake. Perennial crops tended to decrease RREL and annual crops produced the opposite effect. The phenological characteristics of these crops may explain the observed patterns. Annual crops have a well-defined growing season, shorter than grasslands', followed by a fallow period, with a very low or null leaf area index (LAI). This produces a higher maximum NDVI and a lower minimum NDVI than in the grasslands. Perennial crops, in contrast, have a less variable LAI throughout the year, producing a lower difference between maximum and minimum NDVI. Most of the perennial crops in the region are pastures with a higher proportion of C 3 grasses than the native grasslands, which tend to increase the minimum NDVI.
The date of maximum NDVI in the year (DMAX), another important descriptor of the seasonality in radiation interception and carbon uptake, was also strongly affected by cropland management. The DMAX calculated from the low-impacted vegetation model did not match the values observed in cropped areas. Summer crops delayed the occurrence of peak NDVI by 140 d and winter crops advanced peak NDVI by 210 d. Paruelo et al. (2001) showed a similar pattern in eastern Colorado, USA, where irrigated corn (a summer crop) delayed peak NDVI and rain-fed wheat (a spring crop) advanced it, compared to native grasslands.
We found a strong negative relationship between the mean NDVI annual integral (NDVI-I) and its interannual variability (CV NDVI-I). This relationship was observed in undisturbed grasslands and shrublands using remotely sensed data , Fang et al. 2001 , Jobbágy et al. 2002 and direct measurements of ANPP (Sims and Singh 1978) . Here we show that the relationship between the NDVI-I and its coefficient of variation was not affected by the dramatic changes that agriculture caused in the structure of temperate grasslands and savannas. The attributes of the NDVI curve related to seasonality were more variable among years than the NDVI annual integral (CV RREL and CV DMAX Ͼ CV NDVI-I). The same pattern was observed on native vegetation .
The interannual variability of the NDVI seasonal attributes was correlated to the land use variables (Table  3 ). This suggests that besides modifying the mean values of the NDVI relative range and date of maximum, cultivation modified the interannual variability of these attributes. Summer crops and wheat-soybean decreased the interannual variability of both attributes, perennial crops increased them, and winter crops increased only the interannual variability of the date of maximum NDVI. Although annual crops in temperate Argentina are mostly rain fed and slightly fertilized, agricultural practices (plowing, fallow, and weed control) produce an important change in the timing of water use, transferring water to the crop-growing season. In such a way, the high interception of radiation of crops become less dependent of the particular weather of a given year (mainly precipitation) compared to natural vegetation. This could be responsible for the lower interannual variability of the seasonality of NDVI in annual crops.
Our results suggest that in temperate Argentina, the major impact of land use was on the seasonal dynamic of NDVI (RREL and DMAX), while the annual integral of the NDVI was slightly affected. In other words, cultivation changed the shape of the NDVI curve, but did not change the area under the curve. We selected five counties for illustrating these results (Fig. 6) . Pila, located in the eastern portion of the pampas, was almost completely covered by native grasslands and was consequently used as a reference for comparisons. The NDVI annual integral was higher in Federal (wetter than Pila) and lower in Chadileo (drier than Pila), two counties with a low proportion of croplands (Fig. 6a) . The NDVI relative range was much higher in Caseros than in Pila (Fig. 6b) . Given their similar climate, the higher proportion of summer crops in Caseros than in Pila should be responsible for this difference. Caseros had the highest maximum NDVI and a very low minimum NDVI (Fig. 6b) . The maximum NDVI in Caseros occurred in February (late summer), much later than that predicted by the model generated for the low-impacted vegetation areas. Again, summer crops might account for this pattern. In Saavedra, a county with a high proportion of winter crops (mostly wheat), NDVI peaked in October (middle of spring). Ecological Applications Vol. 13, No. 3 Caseros and Saavedra showed a bimodal pattern in the NDVI temporal profile. This is because these counties have a mixture of winter and summer crops, a very common situation in the region. Federal had also a bimodal NDVI pattern possibly due to the mixture of C 3 and C 4 species in its grasslands. None of the three NDVI attributes calculated in the present work accounts for the bimodal pattern.
The connection between NDVI and the fraction of photosynthetic active radiation intercepted (FPAR) has been largely documented, both theoretically (Sellers et al. 1992 ) and empirically (Asrar et al. 1984) . Changes in the NDVI curves can be interpreted as modifications of the seasonal patterns of radiation interception. These changes have an important implication per se for understanding the functioning of terrestrial ecosystems, because they are associated with strong modifications of the exchange of energy between the surface and the atmosphere. Monteith's (1981) model provided the conceptual framework to convert the amount of radiation intercepted by the canopy into net primary production: ANPPϭ a ϫ [# APAR], where APAR is the absorbed photosynthetic active radiation (in megajoules per square meter), a is the energy conversion efficiency (in grams of carbon per megajoule), and # is the annual integral. APAR is determined by APAR ϭ FPAR ϫ PAR, where PAR is the photosynthetic active radiation and FPAR is the fraction of PAR intercepted by the canopy. If land cover is relatively homogeneous a can be assumed to be constant, and, then, NDVI can be used as a direct surrogate for ANPP. In our study, however, we monitored areas with an heterogeneous land cover; therefore, the assumption that differences in the NDVI integral mean differences in ANPP could lead to spurious results because a could be different. Knowing the conversion efficiency values for different crop types is, then, crucial to the conversion of NDVI data into NPP. Ruimy et al. (1994) collected values of energy conversion efficiency ( a ) measured during the growing season in both natural vegetation and croplands. They found that crops have much higher a than natural vegetation due to the high relative growth rate of cultivated species, a high shoot/root index, and optimal conditions of water and nutrients. This could indicate that in temperate Argentina, cultivation management did not modify total radiation interception, but it did increase aboveground net primary production. This difference may be lower or even reversed if total (above-and belowground) NPP is considered because crops allocate proportionally less carbon to roots than grasslands (Whittaker and Marks 1975) . One way to reduce these uncertainties would be to estimate ANPP and NPP over the region from crop production data, harvest indexes (carbon in kernel/total carbon aboveground), and root:shoot ratios (Prince et al. 2001) .
Potential applications
The regional analysis performed provides new elements to assess the possible changes in the exchange of energy and matter between the surface and the atmosphere under climate and land use change scenarios. The equations derived from the multiple regression analyses suggest important changes in the fraction of radiation intercepted if precipitation or temperature change. Changes in the cropland area or changes in the spatial distribution of crops, in contrast, would not significantly modify total radiation interception. However, it would probably change the timing and interannual variability of this functional attribute. Of course, a proper analysis should consider changes in atmospheric CO 2 concentration and its direct effects on carbon uptake. The use of spatially derived models of the relationship between environmental factors and functional attributes to evaluate temporal change, though, could lead to erroneous results because it does not take into account variables that only change in time (CO 2 ), response lags, or interactions ).
An important effort is devoted to monitor carbon balance in terrestrial ecosystems. Our study provides new insights on the complex consequences of land use change over the carbon cycle. The replacement of natural vegetation by croplands produced important changes in the carbon uptake dynamics in temperate Argentina. These changes tend to be oversimplified in global carbon models (Esser 1995 , McGuire et al. 2001 . None of these models accounted for the differences in the effects of agriculture in tropical and temperate areas, neither between crops with different phenology or different management practices. This has been highlighted as one of the major uncertainties in global biogeochemical models (McGuire et al. 2001) . Our results showed important differences in the NDVI dynamics of temperate areas depending on the crop type that replaced the natural vegetation (perennial, summer cycled annual, and winter cycled annual). A proper characterization of land cover is of course a requirement to reduce uncertainties in global biogeochemical models. The inaccuracy of the land use maps of South America may account for anomalous results for this part of the globe (compare, for example, Fig.  2 of this paper and Plate 1b in Ramankutty and Foley [1998] or Fig. 8 in Hansen et al. [2000] ).
Our results provide a direct connection between ecological and atmospheric processes. We showed that the conversion of large areas of former grasslands and savannas into croplands modified the timing of radiation interception. This may alter the dynamics of the boundary layer and the energy exchange between the surface and the atmosphere. It has been shown that similar changes in other areas of the world lead to changes in local temperatures and precipitation (Stohlgren et al. 1998) . Whether the same is occurring in temperate South America remains an open question. ACKNOWLEDGMENTS This study was supported by the Consejo Nacional de Investigaciones Científicas y Tecnoló gicas (CONICET), the University of Buenos Aires, Fundació n Antorchas, and the
